Melatonin is an endogenous synchronizer of biological rhythms and a modulator of physiological functions and behaviors of all mammals. Reduced levels of melatonin and a delay of its nocturnal peak concentration have been found in alcohol-dependent patients and rats. Here we investigated whether the melatonergic system is a novel target to treat alcohol addiction. Male Wistar rats were subjected to long-term voluntary alcohol consumption with repeated abstinence phases. Circadian drinking rhythmicity and patterns were registered with high temporal resolution by a drinkometer system and analyzed by Fourier analysis. We examined potential antirelapse effect of the novel antidepressant drug agomelatine. Given that agomelatine is a potent MT1 and MT2 receptor agonist and a 5-HT 2C antagonist we also tested the effects of melatonin itself and the 5-HT 2C antagonist SB242084. All drugs reduced relapse-like drinking. Agomelatine and melatonin administered at the end of the light phase led to very similar changes on all measures of the post-abstinence drinking behavior, suggesting that effects of agomelatine on relapse-like behavior are mostly driven by its melatonergic activity. Both drugs caused a clear phase advance in the diurnal drinking pattern when compared with the control vehicle-treated group and a reduced frequency of approaches to alcohol bottles. Melatonin given at the onset of the light phase had no effect on the circadian phase and very small effects on alcohol consumption. We conclude that targeting the melatonergic system in alcohol-dependent individuals can induce a circadian phase advance, which may restore normal sleep architecture and reduce relapse behavior.
INTRODUCTION
Most physiological functions of the body as well as certain behavioral patterns are synchronized to the presence/absence of the daylight. One of the major players responsible for the control of our daily rhythms is melatonin. It is a hormone generally synthesized in the pineal gland during the dark phase of the photoperiod (Lynch et al, 1975) . Fluctuating levels of melatonin tunes cellular activity throughout the body to the actual time-of-day. High melatonin levels reinforce physiological functions and behaviors associated with the darkness, whereas low levels have the opposite effect.
Research on the interaction between alcohol and circadian rhythms started several decades ago. This interaction is bidirectional. On one hand, behavioral and physiological responses to alcohol as well as alcohol preference depend on the time-of-day (Brick et al, 1984) . Rats maintained in total darkness drink more alcohol than those kept under constant illumination (Geller 1971) , and an animal model called 'drinking in the dark' is in fact based on the timing of alcohol exposure (Rhodes et al, 2005) . On the other hand, alcohol drinking alters the circadian profile of the melatonin production and disturbed circadian rhythms were found in both alcohol-dependent patients and alcohol drinking rats (Kühlwein et al, 2003; Peres et al, 2011) . Melatonin produces its effects through two melatonin receptors-MT1 and MT2 (von Gall et al, 2002) . The MT1 receptor protein has been found in several brain regions known to have a crucial role in mediating the effects of drugs and addictive behavior, such as prefrontal cortex, striatum, nucleus accumbens, amygdala, and hippocampus (Uz et al, 2005; Noori et al, 2012) .
The aim of our study was to investigate whether the melatonin system could be used as a target to treat alcohol addiction. For this purpose we used male Wistar rats subjected to long-term voluntary alcohol consumption in a four-bottle procedure, repeatedly interrupted with the abstinence phases. In rats that had long-term voluntary access to alcohol followed by deprivation for several weeks, the re-presentation of alcohol leads to relapse-like drinkinga temporal increase in alcohol intake over the baseline drinking. This robust phenomenon is called the alcohol deprivation effect (ADE; Sinclair and Senter, 1967; Spanagel and Hölter, 1999) . Our previous research has demonstrated that alcohol consumption during these post-abstinence drinking days is characterized by an increased frequency of approaches to the alcohol bottles, which was interpreted as an increased alcohol 'wanting' (Vengeliene et al, 2013) . The change in the temporal distribution of the alcohol consumption is associated with the loss of normal diurnal behavior, which may possibly be interpreted as development of compulsive alcohol drinking and addictive behavior. It should be noted that although the ADE provides a suitable model to study the impact of alcohol re-exposure on relapselike behavior (Lê and Shaham, 2002) , it mimics only some aspects of human relapse. Transitory nature of the elevated post-abstinence alcohol consumption in rats is one characteristic that distinguish relapse drinking in rats from that seen in human alcoholics. Nevertheless, clinically effective antirelapse drugs acamprosate and naltrexone were shown to effectively reduce the ADE in rats demonstrating predictive value of this animal model (Spanagel, 2009) . In recent years, the ADE animal model has become widely used for examining the efficacy of pharmacological agents in preventing compulsive alcohol consumption and relapse (Vengeliene et al, 2008; 2014) .
In order to assess the role of the melatonin system in alcohol relapse we studied the effects of agomelatine, a potent MT1 and MT2 agonist, which also displays antagonistic activity on 5-HT 2C receptors. The affinity of this drug for other 5-HT receptors is low (Millan et al, 2003) . Two further drug treatments were included in our study to clarify the contribution of MT1/MT2 receptors and 5-HT 2C receptors in mediating the effects of agomelatine on relapse-like drinking and its action on circadian rhythm. For this purpose a high dose of melatonin was administered repeatedly either at the end or at the onset of the light phase. We also tested the effect of 5-HT 2C antagonist SB242084. Both agomelatine and SB242084 were administered at the end of the light phase. To characterize temporal characteristics of drinking behavior we registered drinking patterns with a high temporal resolution using a drinkometer system (Vengeliene et al, 2013) .
MATERIALS AND METHODS

Animals
Fifty-six 2-month-old male Wistar rats (from our own breeding colony at the CIMH, Mannheim, Germany) were used. All animals were housed individually in standard rat cages (Type-III; Ehret, Emmendingen, Germany) under a 12/12-h artificial light/dark cycle (lights on at 0700 hours). Room temperature was kept constant (temperature: 22 ± 1°C, humidity: 55 ± 5%). Standard laboratory rat food (Ssniff, Soest, Germany) and tap water were provided ad libitum throughout the experimental period. Body weights were measured weekly. All experimental procedures were approved by the Committee on Animal Care and Use (Regierungspräsidium Karlsruhe), and carried out in accordance with the local Animal Welfare Act and the European Communities Council Directive of 24 November 1986 (86/609/EEC).
Drugs
Ethanol drinking solutions were prepared from 96% ethanol (Sigma-Aldrich, Taufkirchen, Germany) and then diluted with tap water. Melatonin (Enzo Life Sciences, Lörrach, Germany) was suspended in 0.5% methylcellulose (Sigma-Aldrich, Taufkirchen, Germany) and injected as a volume of 3 ml/kg intraperitoneally (IP). Agomelatine (generously provided by Abbvie, Ludwigshafen, Germany) was suspended in 1% hydroxypropyl methylcellulose (SigmaAldrich, Taufkirchen, Germany) and injected as a volume of 1 ml/kg IP. SB242084 (generously provided by Abbvie, Ludwigshafen, Germany) was dissolved in water for injections (aqua ad iniectabilia, Braun, Melsungen AG, Germany) and injected as a volume of 1 ml/kg IP. Control animals received an equal volume of respective vehicle.
Drinkometer System
The drinkometer system has been developed together with TSE Systems (Bad Homburg, Germany). It enables continuous long-term monitoring of liquid consumption by amount and time in a standard rat home cage (Eurostandard Type III). The system is equipped with four drinking stations to allow liquid choice. The drinking station consists of a glass vessel containing the liquid and a high-precision sensor for weighing the amount of liquid removed from the glass vessel. Spillage and evaporation are minimized by using special bottle caps. Monitoring of all drinking stations is carried out by a computer. The system features ultrahigh resolution-down to 0.01 g. The whole system is mounted to a custom-made freeswinging steel frame in order to avoid any environmental disturbances. The drinkometer system measures the weight of a vessel in 200 ms steps and saves it in 1-s steps. The normal sampling can be set with minimum 1 min intervals. For the present study, sampling was performed at 5 min intervals.
Long-Term Ethanol Consumption with Repeated Deprivation Phases
After 2 weeks of habituation to the animal room, rats were given ad libitum access to tap water and 5, 10, and 20% ethanol solutions (v/v). The first 2-week deprivation period was introduced after 8 weeks of continuous ethanol availability. After this deprivation period, rats were given access to ethanol again. This access was further interrupted repeatedly with deprivation periods in a random manner (ie, the duration of following drinking and deprivation phases was irregular: approximately 4-6 and 2-3 weeks, respectively). The long-term voluntary ethanol drinking procedure including all deprivation phases lasted a total of~1 year.
Pharmacological Studies
The pharmacological studies started at the end of the sixth ethanol deprivation phase. In order to study the effects of drug treatment on the expression on ADE, rats were divided into groups (n = 7-10, see the figures for exact number of animals used in each group) in such way that the mean baseline total ethanol intake between vehicle and drug-treated group, as well as the intake of every solution separately (ie, water, 5%, 10%, and 20% ethanol), were matched. Baseline drinking was monitored for 6 days. After the last day of baseline measurement, the ethanol bottles were removed from the cages, leaving the animals with free access to food and water for 2-3 weeks. Thereafter, each animal was subjected to a total of three daily injections of either vehicle or compounds: agomelatine (30 mg/kg), melatonin (50 mg/kg), and SB242084 (3 mg/kg). The doses of these drugs were chosen based on our pilot studies. Melatonin was administered either at the end of light phase (at ZT12) or at the onset of the light phase (at ZT0), whereas agomelatine and SB242084 were given only at ZT12 (Supplementary Figure 1) . The ethanol bottles were reintroduced immediately after the second injection and the drinking from each bottle was measured each 5 min for the following 6 days. Total ethanol intake (in g of pure ethanol per kg of body weight per 24-h day) was calculated from this data. Each rat's body weight was recorded 24 h before the first injection and 12 h after the last injection.
Home Cage Locomotor Activity Measurements by the E-Motion System
In order to test for any sedative effects resulting from the drug treatment, home cage locomotor activity was monitored by use of an infrared sensor connected to a recording and data storing system (Mouse-E-Motion, Infra-e-motion, Henstedt-Ulzburg, Germany). A Mouse-E-Motion device was placed above each cage (30 cm from the bottom) so that the rat could be detected at any position inside the cage. The device was sampling every second, whether the rat was moving or not. The sensor could detect body movement of the rat of at least 1.5 cm from one sample point to the successive one. The locomotor activity device was mounted above the home cage 3 days before drug treatment procedure and was continued for four more post-treatment days. The percentage of each rat's locomotor activity during and after treatment days was calculated by using the 'before treatment' activity data as a reference. The data measured by each Mouse-E-Motion device were downloaded into a personal computer and processed with Microsoft Excel.
Data Analysis
Data on total daily ethanol intake, water intake, and locomotor activity were analyzed using a two-way analysis of variance (ANOVA) with repeated measures (factors: between subjects-treatment group (vehicle vs drug), and within subjects-pre-and post-abstinence days). For the analysis of locomotor activity, only the data from the dark phases were used. Whenever significant differences were found, post hoc Student Newman-Keuls test was performed. Data analysis regarding the effects of treatment on the change in the rat body weight was performed using independent two-tailed t-test. The chosen level of significance was Po0.05.
To investigate the effects of different drugs on the drinking patterns of animals, we used an analogous approach to our previous study (Perreau-Lenz et al, 2012; Vengeliene et al, 2013) . We utilized Fourier analysis to characterize the recurrent drinking events within the drinkometer data sets and pursued different strategies to capture all critical aspects of drug effects. Ethanol-and water-drinking pattern analysis was performed using data of the first six post-abstinence drinking days (see Figures 1-4 ). This analysis enabled us to analyze two specific components of the drinking behavior: (i) the abstinence-induced changes of drinking patterns; (ii) treatment-induced alterations of drinking patterns and shift of circadian phase. A separate analysis was performed using data of the last 3 baseline drinking days and the first ADE day, when animals were receiving drug treatment. During the first post-abstinence drinking day animals show the most pronounced relapse-like drinking behavior (Vengeliene et al, 2013) . The Fourier analysis provides a function
with the maximum likelihood to describe the amount of water drinking or drinking of ethanol mixtures in the drinkometer system during the measurement interval L. On the basis of the frequencies 2πn/L and the Fourier coefficients a n ¼ 2 L
À Á dt, this approach provides approximate measures for drinking frequencies, drinking peak times, and peak intake in control groups and enabled us to compare the drinking behavior of experimental groups based on these properties. In MATLAB we used the maximum likelihood estimation (MLE) to determine the Fourier coefficients of our model based on the drinking data sets. Using 5-min drinking data for each ethanol mixture (5, 10, and 20%) and water, the MLE method suggests two sets of Fourier parameters {a n , b n } respectively añ; bñ È É and the frequencies 2πn/L for Fourier representations of averaged drinking amounts f(t) for the control group respectively f̃t ð Þ for the group of animals treated with the drug. We analyzed the differences between two groups based on the direct coefficient comparisons D a n ¼ 8a n À añ8, D b n ¼ 8b n À bñ8, and by the differences of the area under the curves of each model function
for each ethanol concentration c = {0, 5%, 10%, 20%}. Phase angles of the Fourier series for each case were calculated as φ n = tan − 1 (− b n /a n ). The phase shifts for each post-abstinence day were determined then as D j n ¼ j n À j n . The parameters D a n , D b n and D j n have been applied to classify significant differences between the vehicle and drug administration throughout this study. We analyzed the Fourier coefficient variations using a one-way ANOVA. The chosen level of significance was Po0.05. Specifically, the parameters intake (a 0 ) and frequency (2πn/L) were compared within and between the vehicle-and drug-treated animals, describing the approximate mean of water/ethanol intake and the number of maximal intake peak occurrences in 1 h, respectively.
RESULTS
Increased 'Wanting' for Higher Concentrated Ethanol Solutions During the ADE Following the reintroduction of ethanol solutions after a period of abstinence, the vehicle-treated animal groups showed a typical increase in ethanol consumption (from Figures 1a-4a ), while water intake dropped down below baseline drinking levels (from Figures 1c-4c ), indicating the occurrence of an ADE. Subsequent Fourier analysis of 5-min drinking data blocks compared the last 3 baseline days with the first ADE day (Table 1) . A significant increase in the frequency of approaches to all three ethanol solutions during the first ADE day was measured in control animals. On average there was 6-fold increase over the baseline for 5% ethanol, 24-fold increase for 10% ethanol, and 32-fold increase for 20% ethanol, whereas frequency of approaches to the water bottle did not change, indicating an increased 'wanting', especially for higher concentrated ethanol Figure 1 Total daily ethanol intake (g/kg per day) before and after an alcohol deprivation period of 2 weeks (a) and the Fourier representations of the averaged 5-min ethanol (g/kg) intake during the first six post-abstinence drinking days (b). Total daily water intake (ml/kg per day) before and after an alcohol deprivation period of 2 weeks (c) and the Fourier representations of the averaged 5-min water (ml/kg) intake during the first six post-abstinence drinking days (d). Arrows indicate the administration of either vehicle (n = 10) or 30 mg/kg of agomelatine (n = 10). Drug administration was performed at ZT12 (ie, at the end of the light phase). The last six days measurements of ethanol and water intake is given as baseline drinking-B. Data are presented as means ± SEM *indicates significant differences from the vehicle treatment group, Po0.05. In (b) and (d) the vehicle-treated animal group is marked as a black line and the agomelatine-treated animal group is marked as a gray line. Vertical dashed lines mark the peak fluid consumption within the first 24 h in vehicle (black) and agomelatine (gray) treated animal groups. The black and gray bars on the x-axis indicate the dark and light phases, respectively. The table shows the Fourier coefficients calculated for the last 3 days of baseline drinking (Baseline) and the first post-abstinence day (ADE, day 1) in vehicle-treated rats and drug-treated rat groups (note: during the baseline and vehicle treatment conditions all groups of rats had nearly identical Fourier coefficients, therefore average coefficients for all control groups are presented in the table). ZT12 indicates that drugs were administered at the end of the light phase, ZT0 indicates that drugs were administered at the onset of the light phase, *indicates significant difference from the vehicle control group, + indicates significant differences from the baseline condition, Po0.05.
Relapse to alcohol use is controlled by melatonin V Vengeliene et al solutions. The average amount of ethanol consumed during a drinking approach (measured as an average intake during a 5-min interval) in control animals was either slightly increased or remained similar to that measured under the baseline drinking conditions. Contrary, average 5-min water intake during the first ADE day was markedly declined (down to~10% of baseline intake).
Agomelatine Reduces 'Wanting' and Relapse-Like Drinking
All four drug treatments reduced the frequency of approaches to the ethanol bottles. The strongest effect on drinking frequency was found in the agomelatine treatment group (there was still a twofold increase in frequency of approaches over the baseline to both 10 and 20% ethanol solutions) and in the melatonin treatment at the ZT12 group (only 10% ethanol drinking frequency was still threefold increased) ( Table 1 ). All four drug treatments had no or very little effect on average 5-min ethanol consumption (Table 1) . Analysis of the data collected from the agomelatine treatment experiment revealed a general significant increase in total daily ethanol intake after a deprivation phase as compared with basal drinking in the vehicle-treated control group (factor day: F(6,108) = 46.8, Po0.0001). Administration of agomelatine caused a significant reduction in ethanol intake as compared with that in the vehicle rat group (factor treatment group: F(1,18) = 8.2, Po0.05 and treatment group × day interaction effect: F(6,104) = 4.4, Po0.001), although a subsequent post hoc analysis revealed that total ethanol consumption was still significantly increased over the baseline drinking levels during the first two postabstinence days (Figure 1a ). Fourier analysis of the agomelatine treatment data demonstrated that this treatment shifted the peak of ethanol consumption to earlier in the night, which was confirmed by the phase-shift calculations, showing significant overall phase advance (by 1 h and 14 min, Po0.01) in agomelatine-treated rats as compared with vehicle-treated rats ( Figure 1b, Table 2 ). During the first post-abstinence days, water intake was slightly but not significantly increased in the agomelatine-treated group (factor treatment group and treatment group × day interaction effect P = 0.14 and P = 0.37, respectively; Figure 1c) . Similarly to ethanol, the water drinking peak shifted to earlier in the night by agomelatine treatment (by 1 h 57 min, Po0.001) compared with control vehicle-treated rats ( Figure 1d , Table 2 ). Neither locomotor activity nor body weight was significantly changed by this treatment (factor treatment group: P = 0.17 and P = 0.09 for locomotor activity and body weight, respectively; data not shown).
The Effect of Agomelatine on Relapse-Like Behavior is Mainly Driven by Its Melatonergic Activity
Similarly to the agomelatine experiment, during the melatonin treatment at ZT12 there was a general significant increase in ethanol intake when compared with basal drinking (factor day: F(6,84) = 28.7, Po0.0001). However, this increase was seen only in the vehicle-treated animal group (Figure 2a) . In melatonin-treated animals, total ethanol intake during the first post-deprivation day was similar to that seen during baseline drinking and even dropped below baseline levels from the second day onward. A two-way ANOVA displayed a significant difference in ethanol intake between vehicle-and melatonin-treated animal groups (factor treatment group: F(1,14) = 22.1, Po0.001 and treatment group × day interaction effect: F (6,84) = 11.8, Po0.0001), showing that the treatment of rats with this drug was capable of abolishing the expression of ADE. Calculations of alcohol consumption relative to baseline drinking demonstrated that effect of melatonin on post-abstinence drinking was similar to that of agomelatine ( Supplementary Fig. 2 ). Fourier analysis of the melatonin treatment at the ZT12 data demonstrated that this treatment had a very similar effect on the phase shift to that of agomelatine. This treatment shifted the daily peak of ethanol drinking to earlier in the night. This observed phase shift was confirmed by Fourier calculations, showing significant overall phase advance (by 32 min, Po0.01) in melatonintreated rats as compared with control vehicle-treated rats ( Figure 2b , Table 2 ). In contrast, water intake was significantly increased in melatonin-treated animals during treatment days as compared with vehicle-treated rats (Figure 2c) , suggesting that the effect of treatment was selective for ethanol (factor treatment group and treatment group × day interaction effect F(1,14) = 23.9, Po0.001 and F(6,84) = 6.9, Po0.0001, respectively). Similarly to ethanol, ZT12 melatonin administration shifted the water drinking peak to earlier in the night (by 3 h 11 min, Po0.05) when compared with control vehicle-treated rats ( Figure 2d , Table 2 ). It should be noted that melatonin treatment led to small but significant reduction of the locomotor activity during animals active phase (factor treatment group: F (1,14) = 4.9, Po0.05; data not shown). This reduction was seen only during the first post-abstinence day. Melatonin treatment also had a small effect on animals' body weight, demonstrating altered food intake and/or metabolism during the treatment days (factor treatment group: t(14) = 3.4, Po0.01) (difference in the body weight of the vehicletreated animal group when compared before and after treatment was +1.4 ± 0.2% and of the 50 mg/kg of melatonintreated animal group +0.1 ± 0.3%).
In contrast, melatonin treatment at ZT0 did not have a strong effect on the ADE. A two-way ANOVA revealed a general significant increase in total daily ethanol intake after a deprivation phase as compared to basal drinking (factor day: F(6,78) = 43.9, Po0.0001). The drug treatment caused a small but significant reduction of the post-abstinence The data show average advancement ( − ) or delay (+) of the daily peak of water and ethanol consumption in drug-treated rats as compared with vehicle-treated rats. ZT12 indicates that drugs were administered at the end of the light phase, ZT0 indicates that drugs were administered at the onset of the light phase, *indicates significant difference from the vehicle control group.
drinking as compared with alcohol intake in vehicle-treated animals (factor treatment group × day interaction effect: F (6,78) = 2.6, Po0.05). However the ADE was still present on the first post-abstinence day (Figure 3a) . Subsequent post hoc analysis confirmed that total ethanol intake on the first ADE day was not significantly different between vehicle-and melatonin-treated rat groups. Fourier analysis showed that melatonin treatment at ZT0 shifted the peak of ethanol drinking to later in the night during the first ADE day. However, this observed phase shifting was very short lasting, as phase-shift calculations of post-abstinence ethanol drinking did not revealed any significant effect of ZT0 melatonin on the phase (P = 0.98; Figure 3b , Table 2 ). Water intake was not affected in ZT0 melatonin-treated animals when compared with vehicle-treated rats (factor treatment group and treatment group × day interaction effect P = 0.41 and P = 0.10, respectively; Figure 3c ). Similarly to ethanol, ZT0 melatonin administration had only very minor temporal phase shift to later in the night in case of water consumption when compared with control vehicle-treated rats (P = 0.96) ( Figure 3d , Table 2 ). Locomotor activity measured during animals' active phase was not significantly affected by ZT0 melatonin treatment (factor treatment group and treatment group × day interaction effect P = 0.71 and P = 0.73, respectively; data not shown). Similarly, this treatment had no effect on animal's body weight (P = 0.45).
During SB242084 treatment a typical general increase in ethanol consumption was observed (factor day: F (6,90) = 37.7, Po0.0001). Even though SB242084 treatment caused significant reduction in total ethanol consumption when compared to that in vehicle-treated rats (factor treatment group: F(1,15) = 6.3, Po0.05 and a significant treatment group × day interaction effect: F(6,90) = 4.5, Po0.001), post hoc analysis demonstrated significant increase in ethanol intake during the first two post-abstinence drinking days in the drug-treated group as compared with the baseline consumption (Figure 4a ). Fourier analysis of the data derived from SB242084 treatment did not show a phase shift in ethanol consumption, which was confirmed by phase-shift calculations ( Figure 4b , Table 2 ). As a result of SB242084 treatment total daily water intake was significantly increased when compared with the vehicle treatment (factor treatment group × day interaction effect: F(6,90) = 5.6, Po0.0001) (Figure 4c) . Interestingly, despite the lack of effect on ethanol drinking circadian phase, SB242084 treatment shifted water drinking peak to earlier in the night, which was confirmed by phase-shift calculations (by 2 h 26 min, Po0.01; Figure 4d , Table 2 ). Neither locomotor activity nor body weight was significantly changed by SB242084 treatment (factor treatment group: P = 0.09 and P = 0.50 for locomotor activity and body weight, respectively; data not shown). Figure 2 Total daily ethanol intake (g/kg per day) before and after an alcohol deprivation period of two weeks (a) and the Fourier representations of the averaged 5-min ethanol (g/kg) intake during the first six post-abstinence drinking days (b). Total daily water intake (ml/kg per day) before and after an alcohol deprivation period of two weeks (c) and the Fourier representations of the averaged 5-min water (ml/kg) intake during the first six post-abstinence drinking days (d). Arrows indicate the administration of either vehicle (n = 8) or 50 mg/kg of melatonin (n = 8). Drug administration was performed at ZT12 (ie, at the end of the light phase). The last six days measurements of ethanol and water intake is given as baseline drinking-B. Data are presented as means ± SEM *indicates significant differences from the vehicle treatment group, Po0.05. In (b) and (d) the vehicle-treated animal group is marked as a black line and the melatonin-treated animal group is marked as a gray line. Vertical dashed lines mark the peak fluid consumption within the first 24 h in vehicle (black) and melatonin (gray) treated animal groups. The black and gray bars on the x-axis indicate the dark and light phases, respectively.
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DISCUSSION
The present study demonstrates that all drug treatmentsagomelatine, melatonin, and 5-HT 2C receptor antagonist SB242084, all given at the end of the light phase, as well as melatonin given at the onset of the light phase-reduced relapse-like alcohol intake in a four-bottle free choice paradigm in male Wistar rats. All four treatments tended or significantly increased water consumption during treatment days, suggesting the selectivity of these drugs toward alcohol. The treatments had no side effects, apart from melatonin given at the end of the light phase, which had minor effect on home cage locomotor activity and body weight. In summary, our study shows that the melatonergic system has a modulatory role on alcohol 'wanting' and relapse-like drinking behavior. Both agomelatine and melatonin administered at the end of the light phase led to very similar changes on all measures of the post-abstinence drinking behavior, suggesting that effect of agomelatine on relapse-like behavior is mostly driven by its melatonergic activity. First of all, both of the treatments reduced the frequency of approaches to alcohol bottles to near that of baseline drinking, suggesting that they both had an effect on increased alcohol 'wanting', a characteristic of post-abstinence drinking behavior. An abstinence-induced increase in alcohol 'wanting' can be measured as a dramatically increased frequency of approaches to more concentrated alcohol solutions when compared to baseline drinking and a complete loss of normal diurnal patterns of consumption (Vengeliene et al, 2013) . Interestingly, consumed amount of more concentrated alcohol solutions per drinking approach was not affected by either agomelatine or melatonin treatment, which could be interpreted in a way that these treatments had no effect on alcohol 'liking' (Vengeliene et al, 2013) . And finally both agomelatine and melatonin given at the end of the light phase caused a significant circadian phase advance in the diurnal drinking of both water and alcohol when compared to the control vehicle-treated rats. Similar behavioral responses to these compounds could be expected. Although interaction of agomelatine with 5-HT 2C receptors distinguishes this compound from melatonin, affinity of agomelatine for this serotonergic receptor is much lower than its affinity for the melatonergic MT1 and MT2 receptors (Millan et al, 2003; Hardeland, 2009) . Accordingly, disturbances of circadian rhythmicity were shown to be affected in a similar manner by administration of either agomelatine or melatonin (Van Reeth et al, 2001) .
Nevertheless, different pharmacological profiles of agomelatine and melatonin should be taken into account. Earlier studies demonstrated that high doses of these two compounds have divergent effects on brain activity-administration of agomelatine elevated extracellular levels of dopamine (DA) and norepinephrine (NE) in the frontal Figure 3 Total daily ethanol intake (g/kg per day) before and after an alcohol deprivation period of 2 weeks (a) and the Fourier representations of the averaged 5-min ethanol (g/kg) intake during the first six post-abstinence drinking days (b). Total daily water intake (ml/kg per day) before and after an alcohol deprivation period of two weeks (c) and the Fourier representations of the averaged 5-min water (ml/kg) intake during the first six post-abstinence drinking days (d). Arrows indicate the administration of either vehicle (n = 7) or 50 mg/kg of melatonin (n = 8). Drug administration was performed at ZT0 (ie, at the onset of the light phase). The last 6 days measurements of ethanol and water intake is given as baseline drinking-B. Data are presented as means ± SEM *indicates significant differences from the vehicle treatment group, Po0.05. In (b) and (d) the vehicle-treated animal group is marked as a black line and the melatonin-treated animal group is marked as a gray line. Vertical dashed lines mark the peak fluid consumption within the first 24 h in vehicle (black) and melatonin (gray) treated animal groups. The black and gray bars on the x-axis indicate the dark and light phases, respectively.
Relapse to alcohol use is controlled by melatonin V Vengeliene et al cortex of freely moving rats, while melatonin did not have significant effect on these neurotransmitters (Millan et al, 2003) . As said differences between agomelatine and melatonin are mostly attributed to the effect of agomelatine on the 5-HT 2C receptor, since the selective antagonist of this receptor SB242084 increases-similar to agomelatine-levels of DA and NA in the frontal cortex (Gobert et al, 2000) . In other studies administration of either agomelatine or combination of melatonin and SB242084 was shown to increase the number of spontaneously active DA neurons within the ventral tegmental area, whereas administration of melatonin alone had no effect on activity of these neurons (Chenu et al, 2013; 2014) . Although in the present study we used a relatively high dose of agomelatine our comparative analysis suggest only a minor if at all contribution of 5HT 2C receptors in mediating the effects on alcohol 'wanting' and relapse-like drinking behavior. Thus, in our study the 5HT 2C antagonist SB242084 did not have the same effect on drinking behavior as agomelatine. Its effect on drinking frequency and average intake during a drinking approach was not consistent with the pattern produced by agomelatine treatment. It did reduce drinking frequency of all alcohol solutions but, contrary to agomelatine, intake of 20% alcohol per drinking approach was even increased. This finding is not surprising, as it was reported earlier that SB242084 increases operant responding for alcohol (Tomkins et al, 2002) . Most importantly, our study demonstrated that SB242084 had no effect on circadian phase of alcohol consumption, although it caused a significant phase advance in case of water consumption. We therefore conclude that the effects of agomelatine on alcohol 'wanting' and relapselike drinking behavior are mediated via MT1/2 receptors. As already mentioned, melatonergic receptors were found in several dopamine innervated structures, such as prefrontal cortex, striatum, nucleus accumbens and amygdala (Uz et al, 2005) . Administration of physiological doses of melatonin in rats was shown to increase the affinity of the D2 dopamine receptors (Hamdi, 1998) and generally produce antidopaminergic effect on the brain (for review see Zisapel, 2001) . Although high doses of melatonin have different effect on the dopaminergic system (Millan et al, 2003) , the reduced 'wanting' is likely attributable to the indirect effect of our treatments with this system. Sleep disturbance even after months of abstinence in alcohol-dependent people are likely caused by lower levels of melatonin and delayed peak of its nocturnal rise (Drummond et al, 1998; Kühlwein et al, 2003) . A very similar pattern of melatonin levels was also demonstrated in alcohol drinking rats (Peres et al, 2011) . In our study, melatonin given at the onset of the light phase reduced alcohol intake but this reduction was somewhat weak-the ADE was not significantly different from that of the control animals on the first post-abstinence day. On this day relapselike behavior is the most pronounced. Above all, melatonin given at the onset of the light phase had no effect on the circadian phase of either alcohol or water drinking. This data Figure 4 Total daily ethanol intake (g/kg per day) before and after an alcohol deprivation period of 2 weeks (a) and the Fourier representations of the averaged 5-min ethanol (g/kg) intake during the first six post-abstinence drinking days (b). Total daily water intake (ml/kg per day) before and after an alcohol deprivation period of 2 weeks (c) and the Fourier representations of the averaged 5-min water (ml/kg) intake during the first six post-abstinence drinking days (d). Arrows indicate the administration of either vehicle (n = 8) or 3 mg/kg of SB242084 (n = 9). Drug administration was performed at ZT12 (ie, at the end of the light phase). The last six days measurements of ethanol and water intake is given as baseline drinking-B. Data are presented as means ± SEM * indicates significant differences from the vehicle treatment group, Po0.05. In (b) and (d) the vehicle-treated animal group is marked as a black line and the SB242084 treated animal group is marked as a gray line. Vertical dashed lines mark the peak fluid consumption within the first 24 h in vehicle (black) and SB242084 (gray) treated animal groups. The black and gray bars on the x-axis indicate the dark and light phases, respectively.
Relapse to alcohol use is controlled by melatonin V Vengeliene et al shows the importance of circadian phase advancement on alcohol consumption, as administration of melatonin at the end of the light phase advanced circadian phase and completely abolished ADE. Contrary to our findings, earlier studies have shown that administration of very low doses of melatonin (0.2-5 mg/kg) had opposite effects on alcohol consumption and self-administration (Geller, 1971; Smith et al, 1980; Crespi, 2012) . We used much higher doses of melatonin in our study, which have different effects on brain function. For instance, it was demonstrated that at low doses (0.5-1 mg/kg) melatonin decreased firing activity of dorsal raphe nucleus 5-HT neurons (Domínguez-López et al, 2012) while administration of high doses of melatonin (up to 40 mg/kg) had no such effect (Domínguez-López et al, 2012; Chenu et al, 2014) . The other important difference of our study was that melatonin was tested under relapse conditions, which might involve different brain structures and different neurotransmission than drinking under baseline conditions (Vengeliene et al, 2008; Spanagel, 2009) .
Currently, there are four antirelapse medications approved by the US Food and Drug Administration (FDA) to treat alcohol dependence: disulfiram, oral naltrexone, a longlasting injectable naltrexone and acamprosate (Litten et al, 2012;  for the later drug see also Spanagel et al, 2014) . These drugs have small to medium effect sizes and only a minority of the patients do benefit from these treatments (Litten et al, 2012) . Another problem is that there is a huge treatment gap -in fact only 10% of the alcoholics obtain an appropriate treatment. Given this situation new drugs that can be easily translated into the clinical situation are warranted. One of those candidates is agomelatine since it is already approved and clinically used as an antidepressant in many countries (Gahr, 2014; Taylor et al, 2014) . Given that there is a high comorbidity between alcoholism and depressive behavior general practitioners can easily prescribe agomelatine for this comorbid condition. In conclusion, targeting the melatonergic system with agomelatine (or melatonin) in patients suffering from alcoholism, especially those with comorbid depression, may help to restore normal sleep architecture of an addicted patient, reduce alcohol wanting and thereby relapse behavior.
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